The nonlinear optical properties of thin ZnO film are studied using interferometric autocorrelation (IFRAC) microscopy. Ultrafast, below-bandgap excitation with 6-fs laser pulses at 800 nm focused to a spot size of 1 µm results in two emission bands in the blue and blue-green spectral region with distinctly different coherence properties. We show that an analysis of the wavelength-dependence of the interference fringes in the IFRAC signal allows for an unambiguous assignment of these bands as coherent second harmonic emission and incoherent, multiphoton-induced photoluminescence, respectively. More generally our analysis shows that IFRAC allows for a complete characterization of the coherence properties of the nonlinear optical emission from nanostructures in a single-beam experiment. Since this technique combines a very high temporal and spatial resolution we anticipate broad applications in nonlinear nano-optics.
Introduction
When illuminating semiconducting or metallic solid state nanostructures with intense and broadband ultrashort optical pulses, a variety of nonlinear optical processes such as second or third harmonic generation (SHG, THG), multiphoton-induced luminescence (MPL), photoemission and others are induced. Quite often several of these phenomena occur simultaneously under the same experimental conditions, making it sometimes difficult to distinguish between them. Prominent examples having attracted considerable recent interest are the competition between SHG and multiphoton-induced visible photoluminescence in gold nanoparticles [1] or SHG, THG and MPL in wide bandgap semiconductors such as gallium nitride [2] .
Particularly well-studied examples are ZnO films and nanostructures. The wide band gap energy of ZnO of 3.37 eV at room temperature and its large exciton binding energy of ~60meV makes it a highly interesting material for various optoelectronics applications [3, 4] . Also, ZnO powders and nanorods present an interesting prototypical material for exploring random lasing [5, 6] . Consequently, the nonlinear optical properties of a variety of different ZnO thin films [7] [8] [9] [10] and nanostructures [11] [12] [13] [14] [15] have been studied extensively. Quite generally, it is found that nonlinear optical efficiencies in ZnO nanostructures can be significantly larger than those of ZnO thin films but that the relative intensities of the different harmonic generation and photoluminescence contributions depend critically on the structural and morphological characteristics of the nanostructures as well as on the nature and concentration of defects in these samples [16] .
Being able to clearly distinguish between optical harmonic generation (OHG) and luminescence processes is therefore crucial for a further optimization of their device performance. In general, this requires a complete characterization of the coherence properties of the light being re-emitted from the nanostructures. Whereas OHG is a fully phase-coherent resonant scattering process, phase coherence to the driving laser is lost in incoherent MPL emission. Even though the coherence properties of the emitted radiation have been studied in great detail for linear light scattering from, e.g., semiconductor quantum wells [17] [18] [19] , such analyses are scarce for nonlinear light scattering from nanostructures.
Here we show that interferometric frequency-resolved autocorrelation (IFRAC) spectroscopy, a technique recently introduced to characterize ultrashort laser pulses [20] , can quantitatively discriminate between OHG and MPL from semiconducting nanostructures. By experimentally and theoretically analyzing IFRAC spectra from thin ZnO films, we show that IFRAC probes the most important difference between SHG and MPL, i.e., their phase correlation with the excitation pulse. Due to its high temporal (< 6 fs) and spatial (< 500 nm) resolution, we foresee a variety of applications of this technique in probing the optical nonlinearities of individual nanostructures.
Experimental setup
The experimental setup used in this work is schematically shown in Fig. 1(a) . Few-cycle laser pulses with an energy of 2.5 nJ and a duration of 6 fs are generated in a commercial Ti:sapphire oscillator (Femtolasers Rainbow) operating at a repetition rate of 82 MHz. The pulse dispersion is controlled by a pair of chirped mirrors with a group delay dispersion (GDD) of 45 fs 2 /bounce (Femtolasers GSM014). A pair of wedges (Femtolasers UA124, angle 2°48, Suprasil 1) is used to fine-tune the dispersion. Appropriately pre-compensated pulses with a GDD of < 200fs 2 enter a dispersion-balanced, unstabilized Michelson interferometer with low-dispersion broadband dielectric beamsplitters. In the interferometer, a collinearly propagating pair of pulses with variable time delay  is generated. The pulse delay is controlled using a hardware-linearized single-axis piezo scanner (Physik Instrumente P-621.1CD PI-Hera). Fluctuations of  due to mechanical vibrations of the interferometer and the finite precision of the piezo scanner are less than 30 as. The pulse pair is expanded to a beam size of 15 mm in an all-reflective Kepler telescope. The beam is then focused to its diffraction limit using an all-reflective, aluminum-coated 36x Cassegrain (Davin Optronics, 5004-000) microscope objective with a numerical aperture (NA) of 0.5. The spatial intensity profile of the focused spot is characterized by collecting the laser light through an aluminum coated near-field optical fiber (Veeco Instruments) with an aperture diameter of ~300nm, fabricated by focused-ion-beam milling. The tip is mounted on a hardware-linearized threeaxis piezo stage (Physik Instrumente NanoCube) with a positioning accuracy of better than 10 nm. The intensity of the collected laser light is detected with a photomultiplier tube while scanning the tip through the focus. The spatial intensity distribution of the beam in the focus of the Cassegrain objective is shown in Fig. 1(b) . The full width at half maximum of this distribution is 1.0 µm. The rather pronounced Airy fringes result from the obscuration of the central part of the beam by the inner mirror of the objective. To record the time structure of the focused pulses, the tip is replaced with a 10 µm thick BBO crystal and interferometric autocorrelation (IAC) traces are recorded in the laser focus. In Fig. 1(c) , a typical IAC trace of the laser pulses in the focus of the Cassegrain objective is shown. The spectrum of the incident laser pulses extending from 650 to 1050 nm is shown in the inset. A simulation of the IAC trace ( Fig. 1(c) , red dashed line) based on the measured pulse spectrum gives evidence that the focusing with the Cassegrain objective results in essentially bandwidth-limited pulses with a temporal duration of 6.0 fs (full width at half maximum of the pulse intensity) focused to a spot size of 1.0 µm.
Thin ZnO layers with a thickness of 430 nm are deposited on a sapphire substrate using a sputtering technique. The films are sputter-deposited for 50 min at a RF power of 200 W and an Ar flow rate of 16 sccm. A scanning electron microscope (SEM) image of the ZnO film recorded under a viewing angle of 30° in shown in the inset of Fig. 2 . The sputtering technique results in a slightly granular surface morphology with a typical grain size of about 50 nm, much smaller than the wavelength of light. For the optical measurements reported here, the ZnO thin film can therefore be considered as a spatially homogeneous layer. Photoluminescence spectra are recorded at room temperature by exciting the sample at 337 nm with a N 2 -laser. For the nonlinear optical measurements, the film is illuminated with 6-fs Ti:sapphire pulses focused through the Cassegrain objective. The emission from the ZnO sample is collected in reflection geometry, spectrally dispersed in a monochromator (SpectraPro-2500i, Acton) and detected with a deep-depletion liquid-nitrogen cooled CCD camera (Spec-10, Princeton Instruments). Interferometric frequency-resolved autocorrelation (IFRAC) traces are recorded by illuminating the film with a pair of phase-locked 6-fs laser pulses and monitoring the nonlinear emission spectrum as a function of the delay between these pulses.
Experimental results
A room-temperature photoluminescence spectrum of the ZnO layer recorded for above bandgap excitation at 337 nm is displayed in Fig. 2 . As known for such films [21] , it shows a strong and spectrally narrow free-exciton emission centered at 392 nm and a spectrally broad, defect-related blue-green emission band extending from 400 to 550 nm. The origin of the blue-green emission has strongly been debated in the literature [21] and it is generally believed that this emission involves multiple defects and/or defect complexes. Nonlinear optical spectra recorded for below-band gap excitation with 6-fs-laser pulses centered at around 800 nm are shown in Fig. 3(a) . Two prominent emission bands are found. The first one is centered at around 400 nm, slightly below the free-exciton resonance. The second emission band is centered around 500 nm. The intensity of both bands depends very differently on the laser intensity. The intensity 1 I of the 400-nm-band (red circles in Fig. 3(b) ) scales essentially as the second power of the laser power P , Fig. 3(b) ). This suggests that this emission arises predominantly from resonantly enhanced second harmonic generation (SHG) from the ZnO film. The drop in SHG intensity at 380   nm is then attributed to the reabsorption of SH radiation in the ZnO film. This assignment is in agreement with recent studies using more narrowband, spectrally tunable below-bandgap excitation [9] . The intensity 2 I of the blue-green emission band (red circles in Fig. 3(c) ) depends much more strongly on the laser power, Fig. 3(c) ). A similarly pronounced power dependence has been observed before [9] and has led the authors to conclude that this emission band can be assigned to a multiphoton-induced luminescence band. Since the spectral shape in Fig. 3 is independent on the excitation power we conclude that stimulated emission processes, well known in ZnO nanostructures, can be neglected under excitation conditions chosen in our experiments. To further characterize the two nonlinear optical emission bands, we induce this emission by a phase-locked pair of collinearly propagating 6-fs laser pulses and record the emission intensity Such interferometric frequency resolved autocorrelation (IFRAC) measurements have successfully been used to characterize ultrashort laser pulses [20, 22] and very recently also to probe the optical nonlinearity of a single metallic nanotip [23] . An IFRAC trace
from the ZnO-layer recorded with pulses having an energy of 0.44 nJ (laser power 35 mW) is shown in Fig. 4(a) . Here, the time delay  between the two pulses is varied between 30 fs and + 30 fs and the spectral emission is detected between 370 nm and 520 nm. As in Fig. 3 , two distinct emission bands, the blue emission around 400 nm and the blue-green band around 500 nm are discerned. The IFRAC signals of both bands show distinctly different dynamics and, most importantly, very different interference fringe patterns. In the blue emission band, the modulation period, i.e., the time difference between two fringe maxima, in a narrow region around 0
detection frequency) and varies linearly with the detection wavelength. This is schematically illustrated by the dotted lines in Fig. 4(a) . At 400   nm we find 2.69 0.05 T  fs, in good agreement with the expected value of 2.67 fs. For larger  , the fringe spacing reduces to half this value. The wavelengthdependence of the fringes is more clearly seen when looking at the magnitude of the Fourier transforms
along the delay axis  (Fig. 4(b) ). This that in an off-resonant, coherent second harmonic experiment, the center frequencies of the fundamental and second order sidebands are proportional to the detection frequency [20] . Very different fringe patterns are observed in the IFRAC signal of the blue-green emission band (Fig. 4(a) ). Here, pronounced fringes are only seen in a narrow region around 0   due to the large ( 2 3.5 b  )nonlinear power dependence. Moreover, we observe, in the entire detection wavelength range between 460 and 520 nm, a fringe spacing 2.40 0.05 T fs which is independent of the detection wavelength. The detection-wavelength-independence of the fringe spacing is confirmed by looking at the Fourier transform the observed nonlinear power dependence of 1.85. This IAC trace appears slightly broader than that recorded with a BBO crystal ( Fig. 1(c) ). The IAC trace of the blue-green emission (Fig. 4(d) ) displays a much larger enhancement factor of 50
, close to the value of 64 resulting from the strong power dependence of the involved optical nonlinearity. Consequently, the IAC extends over essentially only three cycles of the light field in the time domain.
Discussion
Apart from their different dynamics, the most notable difference between the interferometric frequency-resolved autocorrelation functions recorded in the blue and blue-green emission is the different detection wavelength dependence of the fringe spacing T . While 2/ d Tc   in the blue band, T is found to be independent of  in the blue-green band. For a coherent, offresonant second harmonic process, the wavelength scaling of T is readily explained. Here, the interferometric SH signals recorded when exciting the sample with a phase-locked pulse pair are
For excitation with a spectrally narrow-band
For excitation with spectrally broad-band few-cycle pulses the analysis is slightly more involved and has been given in [20] . Here, the fringes in the IFRAC signal at early delay times are governed by the fundamental sideband which oscillates as cos 2 d     [20] . The fringe spacing is thus
. At longer delay times, pronounced fringes with half the spacing are seen which reflect the second order sideband.
In case of an incoherent, spontaneous emission process (photoluminescence), the expected IFRAC signals are fundamentally different. Here the phase relation between the excitation laser and re-emitted electric field form the sample is lost and the emitted intensity is proportional to the incoherent carrier population e n in the light-emitting state. We emphasize that despite of the incoherent nature of the emission, coherences fringes can be observed in autocorrelation measurements. Such fringes necessarily result from interferences in the excitation process of the system. This is readily understood by considering a dipole-allowed one-photon transition of a simple two-level system impulsively excited with a short pulse   . It is thus defined only by the energetics of the optically excited system and independent of the detection frequeny. It is important to note that in case of an incoherent emission process the emission frequency d  may differ from the transition frequency r  since the optically excited state may be coupled to the emitting state by inelastic relaxation processes. For multiphoton-excitation of a two-level system, the Rabi frequency
can be replaced by a generalized Rabi frequency 24] . Here,  is the transition matrix element for an n -photon transition between ground and excited state. The Tn   , which is -again -independent of the detection wavelength. Fig. 5 . Schematic illustration of a four-level system with displaying both harmonic emission and multi-photon-induced photoluminescence. We assume that the electronic system is excited by an ultrafast laser pulse with electric field E(t) coupling the ground state 0 to an excited state 1 by two-photon absorption and to an excited state 2 by three-photon absorption.
Second harmonic radiation is emitted from 1 whereas carriers in 2 are assumed to relax non-radiatively at rate r k to a state 3 from which they return to the ground state by PL emission.
We therefore conclude very generally that coherent and incoherent emission processes result in fundamentally different IFRAC signals. Coherent emission processes such as Rayleigh scattering or optical harmonic generation result in a fringe spacing which is proportional to the detection wavelength. Incoherent spontaneous emission processes, however, are characterized by a detection-wavelength independent fringe spacing. This spacing is governed by the energy of the optically excited state which may differ from that of the light-emitting state. IFRAC measurements can therefore distinguish between coherent and incoherent emission and provide a full characterization of the coherence properties of the reemitted light.
This leads us to conclude that in the case of the ZnO films studied in this work, the IFRAC signal in the blue emission region in Fig. 4(a) results predominantly from coherent second harmonic generation in the ZnO film whereas the IFRAC signal in the blue-green region in Fig. 4(a) reflects multiphoton-absorption in the ZnO film followed by incoherent, spontaneous emission from below-bandgap defect states. The short fringe spacing of 2.4 T  fs and the strong power dependence of the of the optical nonlinearity 2 3.5 b 
indicates that, here, multiphoton-absorption creates carriers in the conduction band of ZnO which then relax into the light-emitting below-bandgap defect states.
For a more quantitative analysis of the data in Fig. 4(a) , we have simulated these results within the framework of optical Bloch equations. As schematically illustrated in Fig. 5 , we model the ZnO film as an effective 4-level-system with a ground state 0 and three excited states 1 -3 . We assume that state 1 is coupled to the ground state by two-photon absorption, whereas 2 couples to 0 by three-photon absorption. We also assume that carriers 2 can relax at a rate r k to the low-lying state 3 from where they can In the region of the blue-green emission, the data in Fig. 6(a) show interference fringes with a spacing which is independent on the detection-wavelength. We take this a a clear signature that the blue-green emission arises predominantly from an incoherent photoluminescence process. A closer comparison between the Fourier-transformed IFRAC signals in Fig. 4 (b) and 6(b) indicates, however, that the microscopic mechanisms resulting in the blue-green emission are certainly much more complicated than a three-photon-induced absorption into a higher-lying electronic state far above the bandgap. The strong power dependence of the nonlinear optical signal ( 2 3.5 b  ) and the complex IFRAC-spectrum in Fig. 6 (b) may probably be explained by an interference between different nonlinear optical processes. It is likely that this strong power dependence results from field-induced ionization processes, i.e., the generation of a dense electron-hole plasma in the ZnO film by below-band gap excitation. Its effect on the optical nonlinearities of ZnO nanostructures will be subject of further investigations.
Conclusions
In summary, we have studied the nonlinear optical properties of thin zinc oxide films using interferometric frequency-resolved autocorrelation (IFRAC) microscopy following impulsive excitation with 6-fs optical pulses focused to a spot size of 1 µm. Two emission bands with distinctly different coherence properties are observed in the blue and blue-green emission region. Both bands display very different wavelength dependencies of the interference patterns of their IFRAC signals. A new IFRAC analysis based on solutions of optical Bloch equations shows that this can directly be traced back to the different coherence properties of the two emission channels. This analysis allows us to unambiguously assign the blue band as resonantly enhanced coherent second harmonic emission close to the band gap of ZnO. The blue-green emission band, displaying detection-wavelength independent fringes, results from multiphoton-absorption-induced incoherent spontaneous emission from below bandgap defect states. Our results show that IFRAC microscopy is a new and elegant way to fully characterize the coherence properties of the optical emission from nanostructures. With its high time resolution of a few fs only, it can directly probe the dynamics of coherent optical polarizations in nanostructures in the time domain. Its high spatial resolution makes it interesting for studying the nonlinear optical properties of single nanostructure and/or for coherent nonlinear optical microscopy.
